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Abstract

One of the most important metabolic hallmarks of cancer cells is enhanced lipogenesis. Depending

on the tumor type, tumor cells synthesize up to 95% of saturated and mono-unsaturated fatty acids

(FA) de novo in spite of sufficient dietary lipid supply. This lipogenic conversion starts early when

cells become cancerous and further expands as the tumor cells become more malignant. It is

suggested that activation of FA synthesis is required for carcinogenesis and for tumor cell

survival. These observations suggest that the enzymes involved in FA synthesis would be rational

therapeutic targets for cancer treatment. However, several recent reports have shown that the anti-

tumor effects, following inhibition of endogenous FA synthesis in cancer cell lines may be

obviated by adding exogenous FAs. Additionally, high intake of dietary fat is reported to be a

potential risk factor for development and poor prognosis for certain cancers. Recently it was

reported that breast and liposarcoma tumors are equipped for both de novo fatty acid synthesis

pathway as well as LPL-mediated extracellular lipolysis. These observations indicate that

lipolytically acquired FAs may provide an additional source of FAs for cancer. This review
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focuses on our current understanding of lipogenic and lipolytic pathways in cancer cell

progression.
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Introduction

Cancer cells are characterized by their ability to divide more frequently than normal cells.

Rapidly proliferating cancer cells exhibit increased demands for energy and

macromolecules. To cope with these elevated requirements cancer cells undergo major

metabolic modifications. Since the 1920s, it has been known that, in contrast to most normal

tissues, cancer cells show avid glucose uptake and tend to convert glucose to lactate through

the glycolytic pathway regardless of whether oxygen is present (aerobic glycolysis; Warburg

Effect) [1]. Glucose metabolism via the glycolytic pathway provides not only energy, but

also a carbon source for anabolic synthesis of critical biochemical precursors. It is now

widely recognized that tumors frequently exhibit an increased ability to synthesize lipids [2,

3], and that this lipogenesis is tightly coupled to glucose metabolism.

Several lines of evidence suggest that activation of the de novo fatty acid (FA) synthesis

pathway is required for carcinogenesis [4–6]. The FA synthesis pathway is extensively

studied in the context of cancer biology and is currently thought to be the major pathway

exploited by the cancer cells for the acquisition of FAs [5]. However, recent findings

suggest that certain cancer cells/tissues can utilize both lipogenic and lipolytic pathways to

acquire fatty acids that, in turn, promote cancer cell proliferation and survival [7, 8].

This review focuses on our current understanding of the roles of both the lipogenic and

lipolytic pathways in mediating tumor growth and the therapeutic benefits that could

possibly be achieved by targeting these pathways.

Fatty acids support various aspects of tumorigenesis

Fatty acids may contribute to cancer progression by multiple mechanisms (Figure 1). The

most widely discussed aspect of FA-biochemistry with respect to tumor biology is their role

as building blocks for newly-synthesized membrane phospholipids. Large amounts of FAs

are required to accommodate high rates of proliferation in cancer cells [5]. Cancer cells can

acquire FAs through lipogenesis and/or lipolysis to support their growth and proliferation.

The source of FAs may determine the phospholipid composition of membranes. In this

context, it is important to consider that mammalian cells have a limited ability to synthesize

polyunsaturated fatty acids de novo, as they lack the Δ 12 desaturase. Therefore, enhanced

de novo lipogenesis enriches the cancer cell membranes with saturated and/or mono-

unsaturated fatty acids [9]. As these FAs are less prone to lipid peroxidation than

polyunsaturated acyl chains, de novo FA synthesis was proposed to make cancer cells more

resistant to oxidative stress-induced cell death [9]. Moreover, as saturated lipids pack more
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densely, increased lipogenesis also alters lateral and transverse membrane dynamics that

may limit the uptake of drugs, making the cancer cells more resistant to therapy [9].

Fatty acids may also be used to supply energy. Most tumors show a high rate of glucose

uptake that supports their energetic as well as biosynthetic requirements [10]. However,

certain types of tumors, including prostate tumors, display increased dependence on β-

oxidation of fatty acids as their main source of energy. Prostate tumors exhibit low rates of

glucose consumption [11, 12], increased fatty acid uptake [13] and overexpression of certain

enzymes involved in β-oxidation [14]. Likewise, human leukemia cells have been shown to

require β-oxidation for their proliferation and survival [15].

Fatty acids can also be used for the biosynthesis of an array of protumorigenic lipid-

signaling molecules. A lipid messenger considered to be particularly important in

contributing to cancer is phosphatidylinositol-3,4,5-trisphosphate [PI(3,4,5)P3], a molecule

that is formed by the action of phosphatidylinositol-3-kinase and activates protein kinase

B/Akt to stimulate cell proliferation and survival [16, 17]. Other prominent examples of

lipid messengers are lysophosphatidic acid (LPA) that signals through a family of G protein-

coupled receptors to promote cancer aggressiveness [18], and prostaglandins, a class of lipid

messengers that are formed by cyclooxygenases and support migration and tumor-host

interactions [19, 20].

Lipogenesis versus lipolysis

Various tumor types display increased endogenous FA biosynthesis irrespective of

extracellular lipid availability [21], whereas most normal cells, even those with

comparatively high proliferation rates, preferentially use dietary/exogenous lipids for

synthesis of new structural lipids [5, 21]. A few normal tissues such as adipocytes,

hepatocytes, hormone-sensitive cells [22], the cycling endometrium, and fetal lung tissue

[23] may have a very active FA-synthesis pathway. However, de novo FA synthesis is

suppressed in most normal cells. The upregulated FA synthesis in tumor cells is reflected by

a significant increase in expression and activity of various enzymes involved in the lipogenic

pathway [21]. For example, elevated levels of fatty acid synthase (FASN), the major enzyme

responsible for fatty acid biosynthesis, are correlated with poor prognosis in breast cancer

patients [4, 5]. Increases in both FASN expression and activity are observed early in

oncogenesis and correlate with cancer progression [5], with FASN-overexpressing tumors

exhibiting more aggressive phenotypes [5]. The upregulated FA-synthesis fuels membrane

biogenesis in rapidly proliferating cancer cells and renders membrane fatty acids more

saturated (Figure 2) [9]. This affects fundamental cellular processes including signal

transduction, gene expression, ciliogenesis [24], and therapeutic responsiveness [9].

Chemical or RNAi-mediated inhibition of key enzymes involved in FA synthesis, including

FASN [5, 21, 25], acetyl-CoA-carboxylase (ACACA) [26] and ATP-citrate lyase (ACLY)

[27–30], has been shown to attenuate cancer cell growth and to induce cell death. However,

cytotoxic effects of de novo FA synthesis inhibition can be averted by FA supplementation

[25, 26, 31, 32]. The ability of exogenous FAs to functionally substitute for endogenously
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derived FAs in promoting cell viability suggests that cancer cells can incorporate and utilize

exogenous lipids as an alternative source of FAs.

Generally, lipogenesis has been considered as the major means of FA acquisition in cancer

cells. However, a recent study clearly showed that, in addition to lipogenesis, cancer cells

can also use exogenous fatty acids to fuel their growth (Figure 2) [7]. It was reported that the

aggressive “triple-negative” breast cancer cell lines express lipoprotein lipase (LPL), the key

enzyme for extracellular lipolysis, and the transmembrane channel for exogenous free FA

uptake (CD36), together with the classical lipogenic markers such as FASN [7]. In selected

cancer cell lines lipolysis is, therefore, an additional pathway for FA acquisition.

In contrast to the cultured breast cancer cells, where LPL is significantly expressed only in

triple-negative cell lines, clinical breast tumor tissues universally display LPL, irrespective

of their biomarker status [7]. This expression is also seen in liposarcomas and prostate tumor

tissues. The recent report by Kuemmerle et al. thus highlights the stark discrepancy in the

LPL expression of cancer cell lines in vitro and clinical tumor samples in vivo [7]. Several

plausible interpretations were given to explain this inconsistency. First and foremost is the

fact that cell lines are passaged over time in culture systems lacking vascular endothelium, a

physiologic site of LPL action [7]. In the absence of an exogenous source of FAs, de novo

synthesis would be the preferred mechanism for FA-acquisition over lipolysis or receptor-

mediated endocytosis.

From the aforementioned work, it is clear that LPL is of functional significance to certain

cancer cells. This has been reaffirmed by studies which have identified LPL as a biomarker

for poor prognosis in chronic lymphocytic leukemia (CLL) [33–36]. Attempts have been

made to assess the functional significance of LPL in CLL cells in vitro. However, these

studies employed the drug Orlistat as an inhibitor of LPL enzyme activity. Because Orlistat

inhibits both LPL and FASN, these results are difficult to interpret [37].

LPL is a secreted enzyme that hydrolyzes the TGs in chylomicrons or very low-density

lipoproteins (VLDL) (reviewed in [38]). In normal tissues, secreted LPL is targeted to local

capillary endothelial cells by an escort protein (GPIHBP1), where it is bound to the luminal

surface by noncovalent linkage to a specific heparan sulfate proteoglycan (HSPG) motif

[39], (reviewed in [40]). The FAs released by hydrolysis of circulating TGs can be taken up

by the cells via CD36. At this location on endothelial cells, LPL has also been found to have

an additional non-catalytic “bridging” function, allowing for the accumulation and cellular

uptake of lipoproteins via receptor-mediated endocytosis [41].

It is important to emphasize that the lipolytic mechanism described above has been

elucidated in normal tissues. The deployment of LPL by cancer cells is not fully understood,

and may differ from that employed by adipose and striated muscle cells. Kuemmerle and

coworkers found a heparin-releasable pool of LPL in both HeLa cells and breast tumor

tissue, suggesting that LPL may be bound to the surface of these cells. Moreover, Smits and

colleagues have demonstrated the presence of the heparin-like HSPG motif on the surface of

ovarian cancer cells [42]. Altered expression of genes coding enzymes involved in HSPG

synthesis as well as down-regulation of heparanase expression, have recently been shown in
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breast tumors [43]. These findings raise the novel possibility that malignant cells may bind

the enzyme to their surface, as opposed to simply secreting it.

Another hypothesis that further stipulates the need of paired extra- and intracellular lipolytic

pathways for cancer cells is that endogenously synthesized fatty acids are rapidly

incorporated into cellular neutral lipid stores. Nomura et al. [8] proposed that in order to

release fatty acyl moieties from these reservoirs complementary intracellular lipolytic

pathways are required. They demonstrated the role of an intracellular lipase, monoglyceride

lipase MGLL (monoacyl glycerol lipase, MGLL) in promoting tumorigenesis. Intracellular

lipolysis catalyzes the breakdown of TGs stored in intracellular lipid droplets [44]. MGLL

provides, by de-esterification, a stream of intracellular free FA that fuels proliferation,

growth, and migration of cancer cells. In a more recent report, it was shown that MGLL also

exerts dual control over endocannabinoid and fatty acid pathways to support prostate cancer

[45]. The disposition of intracellular triglyceride stores in stressed cells has been termed

“lipophagy,” and is viewed as a component of the autophagic response that allows cells to

adapt to stress and avoid cell death (reviewed in [46]).

A factor that should be considered with respect to increased lipogenesis in cancer cells is

that the end-product of this pathway, palmitate (and other palmitate-like saturated FA), is

toxic to the cells. Accumulation of FAs and neutral lipids in non-adipose tissue is known to

rapidly stimulate apoptosis [47]. Moreover, palmitate excess could feed-back to inhibit

endogenous FA synthesis. A balance between lipogenesis, lipid uptake and intracellular

lipolysis would, therefore, be required to maintain lipid homeostasis [47].

Increased expression and activity of lipolytic enzymes in tumor cells or the tumor

microenvironment is a recently revealed phenomenon. However, increased lipolysis in

adipose tissue of patients suffering from cancer cachexia is well-recognized. Many research

groups have shown that brisk lipolysis is a key factor behind adipose cachexia in weight-

losing cancer patients [48–51]. It has been suggested that tumor load promotes intracellular

lipolysis in adipose tissues of cachectic patients, though the underlying mechanisms are just

beginning to be elucidated [48]. In the case of malignant melanoma, the tumor secretes an

inhibitor of adipose LPL termed melanoma cachexia factor, causing inhibition of

extracellular lipolysis and depletion of adipose stores [52]. A recent report also

demonstrated homing of ovarian cancer metastases to omental adipose tissue, where the

cancer cells elicited release of FA from the adipocytes [53].

Metabolic changes such as elevated levels of circulating free fatty-acids,

monoacylglycerides and diacylglycerides have been observed in cachectic cancer patients

[54]. These increased levels of fatty-acids can promote tumor growth by fueling the

metabolism of cancer cells. Again, to benefit from these metabolites cancer cells must

upregulate their FA-uptake pathways.

Taken together, these findings indicate that lipogenesis and/or lipolysis could be utilized to

varying extents by the cancer cells to fulfill their fatty acid requirements. Such functional

lipolytic-lipogenic coupling emphasizes the fundamental importance of characterizing these

pathways and their interactions. Another important question to be addressed involves the
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specific metabolic fates of FAs derived from endogenous and exogenous sources. Currently

it is unknown whether FAs derived from the lipolysis of exogenous lipids enter the same

pool of free FAs generated through lipogenesis and used for membrane biogenesis or

signaling pathways.

The uptake of exogenous FA by cancer cells prompts the idea that LPL may be an important

component of the interface between dietary fat and cancer biology. Obesity, a state of raised

levels of circulating FA, has been associated with increased incidence of certain cancers [55]

and a poor prognosis for established tumors [56]. In a variety of rodent breast cancer

models, high-fat feeding promotes cancer incidence and growth [57]. Interventional studies

in human breast cancer patients, however, have not revealed a survival advantage of a low

fat diet [58].

In the recent past molecular pathological epidemiology of cancer has been an area of interest

for many cancer biologists [59]. Molecular pathological epidemiology (MPE) is a

transdisciplinary field that examines a relationship between exposures and molecular

signatures in tumor, as well as interactive influences of the exposures and molecular features

on cancer progression [60, 61]. Utilizing the MPE approach Ogino et al. analyzed

independent and combined effect of body mass index (BMI) and FASN expression on

clinical outcome in colon cancer patients [62]. They reported that in non-obese colon cancer

patients, tumoral FASN overexpression is associated with improved survival, whereas

among moderately overweight or obese patients FASN overexpression may predict a worse

outcome [62]. Recent work by Kuchiba et al. suggests that obesity is associated with

increased risk of FASN-negative colorectal cancers [63]. These findings indicate that

cellular FASN status may determine a cell’s dependence on energy balance status for

malignant transformation. Further studies are required to investigate the interactive effects

of dietary lipids and tumoral molecular features on tumor behavior (prognosis or clinical

outcome). The data obtained from these prospective works may help in attributing the

effects of dietary variables to a specific molecular subtype of cancer.

Therapeutic targeting of lipid metabolism for cancer treatment and

prevention

Preceding attempts to exploit cancer FA requirements for therapeutic benefit mainly focused

on de novo FA synthesis. Several research groups have shown that therapeutic targeting of

various enzymes of this pathway such as ACLY, FASN and ACACA may result in tumor

regression both in vitro and in vivo [5, 21, 25–28]. Recent findings suggest that cancer cells

can generate FAs via both lipogenic and lipolytic mechanisms that, in turn, support their

proliferation and survival [7, 8]. Hence, lipolysis-derived FAs may be able to attenuate any

therapeutic advantage achieved by targeted inhibition of de novo FA synthesis. This recent

appreciation of a “lipolytic phenotype” raises the possibility of novel therapeutic targets.

Research groups have begun to investigate the therapeutic potential of lipolysis, and

Kuemmerle and coworkers found that simultaneous inhibition of both lipogenesis and

lipolysis yielded an enhanced anticancer effect in tissue culture.
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Zaidi et al. recently reported that cancer cells exhibit increased reliance on de novo FA

synthesis for cancer cell growth and survival under lipid-restricted growth conditions [29].

We observed that in several cancer cell lines cytotoxic effects achieved by silencing of

lipogenic pathway were enhanced when the cells were cultured in lipid-reduced growth

conditions [29]. In addition, we have observed increased fatty acid synthase (FASN)

expression following exogenous lipid withdrawal in a variety of cancer types. These

findings suggest that the availability of exogenous fatty acids may affect the balance

between lipolysis and lipogenesis, and emphasize the potential impact of dietary fat on

cancer biology. In order to attain maximum therapeutic benefit from the treatments targeting

FA requirements of cancer cells, a better understanding of these two pathways is required.

Most importantly the interactions between the two pathways should be studied in detail.
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Figure 1. Fatty acids promote various aspects of tumor cell development, progression and survival
Fatty acids provide the cancer cells with membrane building blocks, signaling molecules and energy source that supports their

rapid proliferation and survival. (See text for more details)
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Figure 2. Fatty acid acquisition by tumors
Glucose and glutamine supply carbon that enzymes of lipogenesis, including fatty acid synthase (FASN), use to synthesize FA.

Alternatively, exogenous FA may be acquired by extracellular lipolysis TG from the TG-rich lipoproteins (TGRL) using the

secreted enzyme lipoprotein lipase (LPL) bound to a heparin-like heparan sulfate proteoglycan motif on the luminal surface of

vascular epithelium. Resultant free FAs enter the cancer cell via CD36, the FA uptake channel. This is the mechanism used by

normal adipose and striated muscle cells. The presence of a heparin-releasable pool of LPL and the HSPG motif on the surface

of tumor cells raises the novel possibility that malignant cells may decorate their surface with the enzyme, rather than simply

secreting it. In this speculative arrangement LPL tumor cell surface-associated LPL could mediate extracellular hydrolysis.

Alternatively, LPL could facilitate endocytosis of lipoproteins by serving as a non-enzymatic bridge between the cell surface

heparan sulfate binding site and the lipoprotein.
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